Summary: At birth, the ductus arteriosus (DA) merges with the aortic arch in the caudal side of the origin of the left subclavian artery (ltSCA). Since the SCA (seventh segmental arteries) were fixed on the levels of the seventh cervical-first thoracic vertebral bodies, the confluence of the DA should migrate caudally toward the lower level. We aimed to describe the changing topographical anatomy of the DA and SCA using serial sections. First, we examined serial sagittal sections of 11 embryos (Carnegie stage 15−18), but the specimens were clearly divided into 2 groups with and without the lower confluence of the DA. Next, we examined serial horizontal sections of 40 specimens (Carnegie stage 14−16) and we chose 5 specimens (CRL 11 mm, 3 specimen; 1, 14 mm; 1, 15 mm) including the DA near (within 1-vertebral segment from) the ltSCA. The final approach of the DA occurred during the heart descent in which the apex of the heart migrated from the level of the first to the fourth thoracic vertebral body. Thus, the DA reached the SCA level before establishment of the heart descent. The right aortic arch maintained its entire course in 2 of the 5 specimens. Therefore, the positioning of the DA along the left aortic arch might occur independently of degeneration of the right arch. Notably, the tracheal bifurcation level was higher when the DA-ltSCA distance was greater. A contribution of the increased pulmonary volume was suggested for the final approach of the DA.
Introduction
At birth, the ductus arteriosus (DA) merges with the aortic arch in the caudal side of the origin of the left subclavian artery. However, in embryos, the heart and great arteries start their development in the craniocaudal level of the larynx, and later they descend together into the thorax [1, 2] . In fact, the aortic arch (or the DA) originates from the fourth (or sixth) pharyngeal arch artery in which level the larynx, parathyroid and thymus develop from the pharyngeal pouches. In contrast, the subclavian artery (seventh intersegmental arteries) originates far caudal to the pharyngeal arches. Thus the subclavian artery as well as the union of the left and right embryonic aortic arches is distant from the aortic attachment of the DA. The craniocaudal level of the subclavian artery seems to be fixed by the limb bud and its associated lower cervical nerves [3] . Conversely, therefore, the descent of the heart seems to force the DA to migrate caudally along the left embryonic aortic arch. Recent excellent studies demonstrated details of sequential changes in the arterial pole of the embryonic heart [4, 5] . Notably, according to excellent 3D reconstructions [6] , an 1.5 mm distance from the cranially-located confluence of the DA to the caudally-located subclavian arterial origin at Carnegie stage 18 (crown-rump length or CRL, 15−20 mm) is maintained along the aortic arch in adults. Is it an illusion that the DA terminal migrates caudally along the aortic arch?
Recently, the great arteries of human embryos undergo topographic changes at 7 weeks of gestation because degeneration of the right aortic arch occurs at 5−6 weeks [7] . However, we hypothesized that these two events were most likely to occur simultaneously, since a change in hemodynamics along the aortic arch would be a good trigger for arterial topographical changes, and vice versa. Therefore, in the present study, we first examined sagittal sections of fetal specimens with CRL of 8−20 mm (stages 15−18), and then, based on observations of sagittal sections, we narrowed the targets to specimens at slightly earlier stages, i.e., serial horizontal sections of 40 specimens with a CRL of 8−15 mm (stage 15−16). Because of the limited number of specimens used for sagittal sections, instead we employed horizontal sections, even though sagittal sections are advantageous for demonstrating the vertebral levels of the descending heart and great arteries. In contrast, sagittal sections make it difficult to demonstrate the thin or obliterated right aortic arch. We aimed to describe which structures changed their topographical anatomy, in embryos, during the final approach of the DA to the level of the subclavian artery.
Materials and Methods
The study was performed in accordance with the provisions of the Declaration of Helsinki 1995 (as revised in Edinburgh 2000). The embryonic sections were from the large collection kept at the Universidad Complutense, Madrid. The specimens in the collection were products of miscarriages and ectopic pregnancies managed at the university. We utilized serial sagittal sections of 11 embryos with a CRL of 8−20 mm at approximately 5−6 weeks of gestation and Carnegie stage 15−18, and serial horizontal sections of 40 specimens with a CRL of 8−15 mm (stage 14−16; a stage slightly earlier than specimens used for sagittal sections). All sections were stained with hematoxylin and eosin (HE), azan or silver stain. The genomic backgrounds of these specimens, such as chromosome 22q11 deletion, were not examined. The study protocol was approved by the university ethics committee in Madrid (No. B08/374) as well as by that in Akita University (1329).
Results

Observations of sagittal sections
Rather than the internal morphologies such as the septation and endcardial cushion, the present observations were concentrated onto the topographical anatomy of the heart and great arteries. In all 11 specimens (CRL 8−20 mm), the heart protruded anteriorly and we were able to identify the aortic arch and DA (fourth and sixth pharyngeal arteries). In 7 earlier or smaller specimens (CRL 8−11 mm), the DA or sixth pharyngeal artery merged with the aortic arch on the anterior side of the dorsal root ganglion of the first-third spinal nerve ( Fig. 1) : the dorsal root ganglion was much larger than the underdeveloped vertebral body. A segmental arrangement of the fourth and sixth pharyngeal arteries was clearly evident (Fig.  1AE ). In 5 of the 7 specimens, we were able to identify the pulmonary artery originating from the DA. Because of the underdeveloped limb buds, the subclavian artery was difficult to identify in the 7 earlier specimens. The heart was located between the dorsal root ganglia of the second-sixth spinal nerves. The fourth and sixth pharyngeal arch arteries joined to provide a common outflow tract (Fig. 1CD ) or a common ventricle (Fig. 1F) . Between the primitive aortic arch and DA, the fourth pharyngeal pouch was consistently identified as a sac lined by tall epithelia in the earlier 7 specimens. The smaller specimens did not usually exhibit the earlier morphologies: e.g., In 4 larger specimens (15 mm, 16 mm, 18 mm and 20 mm), the DA merged with the aorta on the anterior side of the sixth cervical-first thoracic vertebral bodies (Fig.  2 ). This site corresponded to 2−3 segments above the tracheal bifurcation. In contrast to the degenerating or lost right aortic arch, the final (left) aortic arch and descending aorta were evident. The left subclavian artery always originated from the descending aorta immediately above the DA terminal ( Fig. 2AB and 2E ). The heart was located at levels between the fourth-fifth thoracic vertebral bodies. Thus, the caudal migration of the DA as well as the heart descent appeared to be almost complete, resulting in a mini-version of the morphology in the adult. The thymus was attached to the pericardium (Fig. 2CG ), whereas the thyroid and parathyroid glands remained at the original higher position in front of the third-fifth cervical vertebral bodies (Fig. 2BE) . The clavicle and manubrium sterni appeared in front of the seventh cervical-first thoracic vertebrae in these 4 specimens. The larynx did not yet exhibit its final morphology, as the laryngeal cecum (future upper laryngeal cavity) was still present (Fig. 2DG) .
When sagittal sections from earlier and later specimens were compared ( Fig. 1 vs. Fig. 2 ), the flexure of the vertebral column (concave on the anterior side) was reduced and the column became straighter, especially at the cervical level. Accordingly, the neck became evident above the first rib due to a deep skin crease under the tongue and elongation of the pharynx and esophagus, and the liver became distant from the tongue. However, loss of flexure of the cervical vertebral column (Fig. 2B vs. 
Observations of horizontal sections
Because this series of sagittal sections did not show intermediate morphologies during caudal migration of Panels A−D display a specimen with a CRL of 11 mm (stage 15), and panels E and F a specimen with a CRL of 9 mm (stage 16). In both specimens, the third and/or fourth pharyngeal pouches (PP3, PP4) are evident, and the ventricle and atrium are not yet divided into left and right. The fourth pharyngeal arch artery (PAA4; future aortic arch) joins the sixth pharyngeal arch artery (PAA6; future pulmonary trunk and ductus arteriosus) to provide a common outflow tract (COT). They are located anterior to the second cervical dorsal root ganglion (C2 DRG in panel A) or the first and second cervical vertebrae (C1 and C2 in panel E). Opening of the lung bud (LB) is evident in panels C and F. Asterisks in panels A, E and F indicate tissue damage during the histological procedure. All panels were prepared at the same magnification (scale bar in panel F, 1 mm). Other abbreviations, see the list of common abbreviations. the DA, it was necessary to find them in horizontal sections. Among 40 specimens (CRL 8−15 mm), we were fortunately able to find 5 suitable specimens that demonstrated the degenerating right aortic arch. Seven of the 40 specimens were at too late a stage or too large, since the right arch had already disappeared along its entire course, whereas the other 15 specimens exhibited morphologies that were too premature, the sixth pharyngeal arch artery (DA) joined the fourth pharyngeal arch artery (aortic arch) to provide a common outflow tract or aortic sac. In addition, we eliminated 4 specimens because they exhibited malformations in the aortic sac (paper in preparation). For the residual 9 specimens, complete serial sections were not obtained because a number of sections were unstained. However, these 9 specimens were useful for confirming and/or correcting observations made of the 5 selected specimens. The 5 selected specimens showing the degenerating right aortic arch were classified into: 1) 2 specimens (CRL 14 mm and 15 mm) in which the DA ended at the left aortic arches in 1 vertebral segment cranial to the left subclavian arterial origin (Fig. 3AB) , and 2) 3 specimens (CRL 11 mm, 14 mm and 15 mm) in which the DA ended at the left aortic arch in almost the same vertebral segment as the left subclavian arterial origin (Figs. 3CD and  4) . The origin of the subclavian artery was consistently located on the anterolateral side of the seventh cervical-first thoracic vertebral bodies. Although the present diagrams (Figs. 3 and 4A ) may give an impression of the long outflow tracts along the craniocaudal axis, the aortic and pulmonary valves were located at the final position. The degenerating right aortic arch still carried a vascular lumen along its entire course in 2 of the 5 specimens (both, CRL 15 mm; Fig. 3BD ). Thus, the smaller specimens did not usually display the earlier morphologies. In the former 2 specimens, the caudal margin of the heart was located in front of the first thoracic vertebra, whereas it was located in and below the third thoracic vertebra in the latter 3. Thus, in the former specimens, further heart descent for 1−2 vertebral segments would have occurred. The tracheal bifurcation also descended in association with the heart. Nevertheless, in all 5 specimens, the caudal margin of the heart was located much more cranially than in the aforementioned larger specimens for sagittal sections. In addition, the height of the tracheal bifurcation ranged from the seventh cervical to the third thoracic vertebral levels in the 5 specimens.
The present horizontal sections also clearly demonstrated the topographical anatomy of structures surrounding the aortic arches, i.e., the thyroid, parathyroid, thymus, brachial nerve plexus, sympathetic nerve ganglia and common cardinal veins. In or above the level of the sixth cervical vertebra, the thymus was located in the immediately lateral side of the fourth pharyngeal arch artery, while the parathyroid was in the medial side (Fig.  5) . The tongue was seen in the section same as the top of the right aortic arch (Fig. 5A) . Sympathetic ganglia were attached to, or located near the origin of the subclavian artery. In spite of the degeneration process, the right aortic arch exhibited a thick part at and near the origin of the right subclavian artery. Disappearance of the right aortic arch began from the distal side (Figs. 3AC and  4CD) . The clavicle and scapula were evident in front of the sixth-seventh cervical vertebrae, and still not at the thoracic level. Finally, we stated about Carnegie stages and crownrump length (CRL). In the present specimen, the stages had already identified according to morphologies of the heart. However, in specimens with a same stage, there was distinct individual variations in 1) the height of the apex of the left ventricle and 2) whether the right aortic arch was open or closed (e.g., Fig. 3BC ). Conversely, even in the early stage 16, we found a specimen of which apex descended to a level of the third thoracic vertebra (Fig. 4A) . Likewise, the longer CRL did not usually connect with the lower descent of the heart.
Discussion
In spite of classical detailed descriptions of early development of the arterial pole of the human heart (e.g., [8, 9, 10] ), we had no or few information about changes in topographical relation between the DA and left subclavian artery. In the present study, we found 5 specimens including the final approach of DA (within 1-vertebral segment) to the left subclavian artery. The final approach of the DA occurred during the heart descent in which the apex of the heart migrated from the level of the first to the fourth thoracic vertebral body. Thus, the DA reached the level of the subclavian artery before establishment of the heart descent. The right aortic arch maintained its entire course in 2 of the 5 specimens. Therefore, the positioning of the DA along the left aortic arch might occur independently of degeneration of the right arch. Notably, the tracheal bifurcation level was higher when the distance between the DA and subclavian artery was greater. Rather than the heart descent, a contribution of the increased pulmonary volume was suggested for the final approach of the DA. The final approach of the DA was followed by an initial development of the clavicle and manubrium sterni. Consequently, in contrast to a static distance presented by [6] (see also the Introduction), the confluence of the DA seemed to really migrate caudally to the subclavian arterial origin until Carnegie stage 18.
The present study also demonstrated sequential events occurring during descent of the heart and great arteries at 5−6 weeks. First, the aortic arch and DA (fourth and sixth pharyngeal arch arteries) as well as the pharyngeal arch derivatives (larynx, thymus, thyroid and parathyroid) were located anterior to the first-second cervical vertebral bodies, while the heart was located above the sixth cervical vertebra. Second, the descent of the heart and great arteries occurred together with descent of the pharyngeal arch derivatives to a level between the sixth cervical and first thoracic vertebrae, depending on the structures. During this early phase of descent, the right aortic arch started to degenerate from the distal side. Third, the left aortic arch and its confluence with the DA as well as the thymus reached the level of the seventh cervical vertebra, in contrast to the immobile, medially-located thyroid and parathyroid, which retained their position in and above the sixth cervical vertebra. The heart also descended to the level of the third thoracic vertebra. After reaching the thoracic level, the clavicle and manubrium sterni appeared. Therefore, a major part of the heart descent finished until establishment of the hard tissue-made thorax. Finally, further descent of the heart occurred to the lower thoracic vertebra level, in contrast to the stable position of the great arteries. In contrast to unclear loss of flexure of the cervical vertebral column, an increased length of the pharynx and esophagus might provide a driving force for the early pronounced phase of the heart descent from the upper cervical to the lower cervical level. Therefore, this early phase of descent involved not only the heart and great arteries but also the other cervical viscera such as the larynx, thyroid, parathyroid and thymus.
Any increase of blood flow through the DA requires a short-cut course from the DA to the descending aorta, and this would likely accelerate the final descent of the DA along one-vertebral segment. Notably, at this late phase, the laterally-located thymus further descended to face the pericardium, in contrast to the medially-located thyroid and parathyroid, which maintained their higher positions. The thyroid was still fixed by the thyroglossal duct, while the parathyroid was likely to connect to the thyroid at an early stage [11] . The final descent of the heart to the lower thoracic level seemed to occur due to growth of the ventricles. The tracheal bifurcation descended in association with the heart. Therefore, enlargement of the thorax appears to depend on the descent and growth of the heart, rather than the developing lungs. In association with enlargement of the thorax, the clavicle and scapula also appeared to descend and move from the level of the sixth-seventh cervical vertebrae to the lateral side of the upper thorax.
Finally, there are 2 groups of arteries passing posteriorly to the esophagus: 1) segmental arteries and 2) the distal ends of the bilateral aortic arches. Since the segmental arteries supplied largely the dorsal root ganglia of the spinal cord, their branch was unlikely to provide any retro-esophageal communication. Therefore, any of the anomalous arteries passing behind the esophagus, including the so-called arterial ring (a ring around the trachea and/or esophagus) [12, 13] , seemed to originate from the distal end of the aortic arch. Actually, in the present figures, we demonstrated that, during descent of the heart, a level of the aortic arch union became higher than the tracheal bifurcation.
